Refeeding a carbohydrate-rich meal after a fast produces a coordinated induction of key glycolytic and lipogenic genes in the liver. The transcriptional response is mediated by insulin and increased glucose oxidation, and both signals are necessary for optimal induction of FAS (fatty acid synthase). The glucoseregulated component of FAS promoter activation is mediated in part by ChREBP [ChoRE (carbohydrate response element)-binding protein], which binds to a ChoRE between − 7300 and − 7000 base-pairs in a carbohydrate-dependent manner. Using in vivo footprinting with nuclei from fasted and refed rats, we identify an imperfect DR-1 (direct repeat-1) element between − 7110 and − 7090 bp that is protected upon carbohydrate refeeding. Electrophoretic mobility-shift assays establish that this DR-1 element binds HNF-4α (hepatocyte nuclear factor 4α), and chromatin immunoprecipitation establishes that HNF-4α binding to this site is increased approx. 3-fold by glucose refeeding. HNF-4α transactivates reporter constructs containing the distal FAS promoter in a DR-1-dependent manner, and this DR-1 is required for full glucose induction of the FAS promoter in primary hepatocytes. In addition, a 3-fold knockdown of hepatocyte HNF-4α by small interfering RNA produces a corresponding decrease in FAS gene induction by glucose. Co-immunoprecipitation experiments demonstrate a physical interaction between HNF-4α and ChREBP in primary hepatocytes, further supporting an important complementary role for HNF-4α in glucose-induced activation of FAS transcription. Taken together, these observations establish for the first time that HNF-4α functions in vivo through a DR-1 element in the distal FAS promoter to enhance gene transcription following refeeding of glucose to fasted rats. The findings support the broader view that HNF-4α is an integral component of the hepatic nutrient sensing system that co-ordinates transcriptional responses to transitions between nutritional states. Key words: hepatocyte nuclear factor 4α (HNF-4α), fatty acid synthase (FAS), direct repeat-1 (DR-1), carbohydrate response element-binding protein (ChREBP), primary hepatocyte, transcriptional activation.
INTRODUCTION
Consumption of a high-carbohydrate diet activates transcription of genes involved in glycolysis and de novo fatty acid synthesis in the mammalian liver. One of these genes, FAS (fatty acid synthase), is induced 20-30-fold when fasted rats are refed a highcarbohydrate meal [1] . In addition to carbohydrate, full induction of FAS transcription requires both insulin and glucocorticoids [2, 3] . Conversely, FAS transcription is suppressed by glucagon and growth hormone [4, 5] and by dietary polyunsaturated fatty acids and sterols [6, 7] . Analysis of the FAS proximal promoter (− 118 and + 65) identified an insulin-responsive region that contains several cis-acting elements that interact with SREBP-1c (sterol-regulatory-element-binding protein-1c), Sp1 (stimulatory protein 1), NF-Y (nuclear factor-Y) and upstream stimulatory factor [8] [9] [10] to regulate promoter activity. Insulin increases expression of SREBP-1c [11] , which enhances binding of NF-Y and Sp1 to their respective recognition sites [12, 13] . Although it plays an important role in enhancement of FAS transcription, insulin accounts for only part of the increase in hepatic FAS mRNA in carbohydrate-refed rats [2, 14] . For example, overexpression of SREBP-1c does not reproduce the induction of FAS mRNA observed with the combination of high glucose and insulin in hepatocytes [15] . Clearly, additional cisacting regions contribute to transcriptional induction of FAS during this nutritional transition.
We reported previously that a 5 -flanking region of the FAS gene (− 7300 to − 6900 bp) combined with the proximal promoter region reproduced rates of transcriptional activation observed in fasted-refed rats [14] . Systematic analysis of this distal enhancer identified a ChoRE (carbohydrate response element) between − 7214 and − 7198 [16] with strong sequence similarity to those identified in glucose-responsive genes such as L-PK (liver pyruvate kinase), acetyl-CoA carboxylase and S 14 [17] [18] [19] . ChREBP (ChoRE-binding protein) binds to ChoRE sites in promoters of these genes [20, 21] , and is activated by the glucose metabolite Xu-5P (xylulose 5-phosphate) through activation of a Xu-5P-activated protein phosphatase [22, 23] . Thus increased ChREBP binding activity depends on increased glucose flux through the proximal portion of the glycolytic pathway to produce metabolites from the pentose shunt. Several lines of evidence link activation of ChREBP by carbohydrate to up-regulation of FAS transcription. For example, hepatic FAS mRNA levels are significantly lower in ChREBP −/− versus wild-type mice [24] , Abbreviations used: AOX, acyl-CoA oxidase; ChIP, chromatin immunoprecipitation; ChoRE, carbohydrate response element; ChREBP, ChoRE-binding protein; DR-1, direct repeat-1; EMSA, electrophoretic mobility-shift assay; FAS, fatty acid synthase; HEK-293 cell, human embryonic kidney cell; HNF-4α, hepatocyte nuclear factor 4α; L-PK, liver pyruvate kinase; NF-Y, nuclear factor-Y; PEPCK, phosphoenolpyruvate carboxykinase; PKA, protein kinase A; RT, reverse transcriptase; Sp1, stimulatory protein 1; SREBP, sterol-regulatory-element-binding protein; Xu-5P, xylulose 5-phosphate; siRNA, small interfering RNA. 1 To whom correspondence should be addressed (email gettystw@pbrc.edu).
and gene silencing of hepatic ChREBP compromises induction of endogenous FAS expression by glucose [25] . Moreover, FAS mRNA is unresponsive to glucose in hepatocytes from ChREBP −/− mice [21] . Collectively, these findings make a compelling case that ChREBP directly activates FAS gene expression in response to high glucose.
In the present study we analysed a region of the FAS distal enhancer downstream of the ChoRE (− 7150 to − 7050) by in vivo footprinting using nuclei prepared from rats that were refed glucose after a fast. Carbohydrate refeeding protected several bands and sequence analysis revealed that one protected region contained an imperfect DR-1 (direct repeat-1). Using a combination of EMSA (electrophoretic mobility-shift assay) and ChIP (chromatin immunoprecipitation) assays, we determined that HNF-4α (hepatocyte nuclear factor 4α) binding to this DR-1 was enhanced by carbohydrate refeeding after a fast. Complementary findings that knockdown of HNF-4α by siRNA (small interfering RNA) compromises FAS gene induction by glucose in conjunction with demonstration of a physical interaction between HNF-4α and ChREBP support an important complementary role for HNF-4α in the transcriptional regulation of FAS by glucose in liver. Together, these novel findings make a compelling case that HNF-4α is an important component of the nutrient-sensing system regulating FAS transcription during transition between nutritional states.
EXPERIMENTAL

Dietary method
All animal studies were approved by the Institutional Animal Care and Use Committee of the Pennington Biomedical Research Center. Two-month-old male Harlan Sprague-Dawley rats (150-200 g) were housed in plastic cages on a 12 h light/dark cycle and provided Purina rodent chow (Diet no. 5001) on a free choice basis. In the experiment proper, randomly selected rats were divided into two groups. Both groups were fasted for 48 h, after which the rats in group 1 were anaesthetized with pentobarbital for harvesting of livers and killed. After the 48 h fast, the rats in group 2 were refed a high glucose, fat-free diet for 6 h before harvesting their livers as previously described [16] .
Plasmids
The luciferase reporter plasmids − 250FAS.PGL2, − 7382FAS.LUC (where LUC is luciferase), PK(− 96)LUC and − 7382/− 6970FAS.PK were described previously [7, 16, 26] . Of note, the distance between the carbohydrate-responsive region (− 7382 to − 6970 of FAS) and the insulin-responsive region (− 250 to + 65 of FAS) of the − 7382FAS.LUC reporter construct is 2877 bp, while the carbohydrate-responsive region (− 7382 to − 6970 of FAS) and the insulin-responsive region (− 96 to + 12 of L-PK) of − 7382/− 6970FAS.PK is separated by 45 bp. The − 7382FAS.LUC mut DR1 and − 7382/ − 6970FAS.PK mut DR1 constructs were created by sitedirected mutagenesis (QuikChange ® ; Stratagene) to contain a mutation in the DR1 site as indicated by boldface letters in AGGTTCCTGACCT (wild-type AGGCCTTTGACCT). The expression vector containing HNF-4α was generated by inserting a PCR product containing the rat HNF-4α coding sequence into the EcoRI and BglII sites of pSG5 (Stratagene). A FLAG (DYKDDDDK)-tagged ChREBP expression construct was obtained from Dr Howard Towle (Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, Minneapolis, Minnesota, U.S.A.) [27] . Following 40 h incubation, the cells were harvested with passive lysis buffer (Promega) and luciferase assays were performed using the Dual Luciferase Reporter Assay system (Promega). Light intensity was measured for 5 s by a Micro Lumat Plus autoinjector luminometer (Berthold Technologies).
Primary hepatocyte culture and transfection
Primary hepatocytes were isolated from male Harlan SpragueDawley rats (180-220 g) using the collagenase perfusion method [28] . A total of 1.5 × 10 6 cells were plated in 6-well Primaria dishes (Invitrogen) containing 2 ml of M199 medium containing 5.5 mM glucose and supplemented with 5 % fetal bovine serum. After a 4-6 h attachment period, hepatocytes were transfected using Lipofectamine TM 2000 (Invitrogen) with reporter plasmid (2 µg) and internal control plasmid pRL-TK (0.2 µg) in M199 medium containing 5.5 mM glucose, 100 nM dexamethasone and 100 nM insulin for 12-14 h. Following transfection, cells were incubated in M199 medium containing either 5 or 27.5 mM glucose, with 100 nM dexamethasone and 100 nM insulin. Cells were harvested, and luciferase activity was quantified.
In vivo DNase I footprinting analysis
Nuclei from fasted and refed rat liver were isolated by the method of Jump et al. [29] and stored at − 80
• C until use. In vivo DNase I footprinting analysis was conducted as previously outlined in detail [16] . The sequences of the primer sets are: 5 -TCCTTC-ACAGAGAGGCTTGCTG-3 , 5 -CCTGAGTGAACACAGCC-ATGGCCTTG-3 and CCTGAGTGAACACAGCCATGGCCTT-GTGTG-3 for the reverse reaction.
EMSA
Hepatic nuclear protein extracts were prepared from fasted and refed rats [26, 30] • C for 5 min, and cooling to 25
• C. The annealed oligonucleotides were end-labelled with [γ -32 P]ATP using T4 polynucleotide kinase and incubated on ice with nuclear protein extract for 30 min at room temperature in 10 mM Hepes (pH 7.9), 75 mM KCl, 1 mM EDTA, 5 mM MgCl 2 , 5 mM dithiothreitol, and 10 % (v/v) glycerol. A typical reaction contained 50 000 c.p.m. of labelled oligonucleotide (0.5-1.0 ng). For competition assays, 100× unlabelled AOX DR1 or FAS − 7110/ − 7074 mut DR-1 probe was used as a specific competitor, and for supershift experiments, HNF-4α antibody (Santa Cruz Biotechnology; sc-6556) was included in the binding reactions. After incubation, samples were subjected to electrophoresis on a 5 % non-denaturing polyacrylamide gel in a Tris/glycine buffer system. DNA-protein complexes were visualized by autoradiography after drying the gel.
ChIP assay
Cross-linked chromatin was prepared from rat liver using the method of Roder et al. [31] . ChIP was performed as described in [32] with some modifications. Chromatin samples of A 260 8 were diluted to a final volume of 1000 µl, incubated with 100 µl of blocked Protein G beads (Roche) for 2 h on a rotating wheel at 4
• C, and beads were collected by centrifugation at 15 000 g for 1 min. The beads were incubated with 500 µg of sheared salmon sperm DNA (Invitrogen) and BSA (Roche) for 30 min at 4
• C to block non-specific binding. The supernatant was transferred to new tubes and incubated with 50 µl of HNF-4α antibody (Santa Cruz Biotechnology; sc-6556) or 50 µl of goat IgG (Santa Cruz Biotechnology; sc-2028) overnight at 4
• C on a rotating wheel. The samples were centrifuged for 10 min at 15 000 g and then the supernatant was transferred to a new tube and incubated with 100 µl of blocked Protein G beads for 90 min at 4
• C on a rotating wheel. The samples were washed extensively, eluted, decrosslinked, and treated with proteinase K (Roche) as described in [32] • C 1 min 1 cycle. PCR products were separated on a 1.5% agarose gel and analysed by ethidium bromide staining. The stained gels were visualized and the PCR products from three to six individual experiments were quantified using a Versadoc imaging system (Bio-Rad). The numbers are derived from the average intensity of the PCR products from the refed liver samples compared with the average intensity of those from the fasted liver samples, which are set at 1.0.
Immunoblot analysis
Liver from fasted and refed rats was removed and placed in liquid nitrogen. Approximately 0.3 g of tissue was ground in a pestle in the presence of liquid nitrogen, resuspended in 3 ml of whole cell lysis buffer (50 mM KCl, 25 mM Hepes, pH 7.8, 1.0 % Nonidet P40, 10 µg/ml leupeptin, 20 µg/ml aprotinin, 125 µM dithiothreitol, 1 mM PMSF and 1 mM Na 3 VO 4 ), subjected to ten strokes in a Dounce homogenizer and centrifuged at 16 000 g at 4
• C for 10 min. Protein concentrations were determined using the BCA (bicinchoninic acid) protein assay (Pierce) and lysates were stored at − 80
• C. Prior to electrophoresis, an appropriate volume of cell lysate was diluted in 6× Laemmli loading buffer [375 mM Tris/HCl (pH 6.8), 10 % SDS, 30 % glycerol, 0.012 % Bromophenol Blue and 30 % 2-mercaptoethanol] and boiled for 5 min. Total cell protein (25 µg) was subjected to SDS/PAGE on 10 % gels and electrotransferred on to a PVDF membrane. Membranes were probed with antibodies directed against HNF-4α (Santa Cruz Biotechnology; sc-6556 and sc-8987), actin (Abcam, ab8226-200), and ChREBP (Novus Biologicals, NB 400-135) and visualized by standard ECL ® (enhanced chemiluminescence) procedure. Quantification of immunoblot signals was performed by densitometry using the Versadoc system (Bio-Rad Laboratories).
siRNA transfection method
Two validated Stealth TM siRNAs for rat HNF-4α (RSS304141 and RSS304142) and one scrambled siRNA (Stealth RNAi Negative Control Med GC) were purchased from Invitrogen. Primary hepatocytes were isolated from male Harlan Sprague-Dawley rats (180-220 g) using the collagenase perfusion method [28] . A total of 1.5 × 10 6 cells were plated in 6-well Primaria dishes (Invitrogen) containing 2 ml of M199 medium, supplemented with 5 % fetal bovine serum, in the presence of 5 mM glucose. After a 4 h attachment period, the medium was replaced with M199 medium supplemented with 100 nM dexamethasone and 100 nM insulin, in the presence of 5 mM glucose. Replicate wells of hepatocytes were then transfected with 100 pmol of each HNF-4α siRNA or scrambled siRNA using Lipofectamine TM 2000 (Invitrogen). After transfection (14 h), the medium was changed and the hepatocytes were cultured for 48 h in M199 medium supplemented with 100 nM dexamethasone, in the presence of 5 mM glucose. Following the 48 h incubation, a sample of each HNF-4α siRNA-and scrambled siRNA-transfected wells were assessed for HNF-4α protein expression. To examine the effect of HNF-4α knockdown on regulation of endogenous FAS transcription, the hepatocytes were cultured in M199 medium containing 5 or 25 mM glucose, with or without 100 nM insulin, and supplemented with 100 nM dexamethasone. After 24 h, total RNA was extracted by TRIzol ® (Invitrogen) reagent according to the manufacturer's instructions.
Analysis of mRNA expression by real-time quantitative PCR
Total RNA (2 µg) was reverse-transcribed for 1 h at 37
• C in a 25 µl final volume reaction containing 1 µg of oligo(dT) (Integrated DNA Technologies), 2.5 mM of each dNTPs, 40 units of RNasin (Promega) and 200 units of MMLV (Moloney-murineleukaemia virus) RT (reverse transcriptase) (Promega). Real-time quantitative PCR analysis was performed starting with 20 ng of reverse-transcribed total RNA, in a final volume of 25 µl of PCR reaction, 0.4 mM of each primer (Integrated DNA Technologies) and 1× Ex Taq RT-PCR mix (TaKaRa) with SYBR Green I (Molecular Probes) in a Smart Cycler instrument (Cepheid). Samples were incubated for an initial denaturation at 95
• C for 30 s, followed by 35 cycles. Each cycle consisted of 95
• C for 3 s, 56
• C for 10 s, and 72
• C for 15 s. The primers used were as follows: for FAS, sense, 5 -GGCATCATTGGGCACTCCTT-3 ; antisense, 5 -ACCAACAGCTGCCATGGATC-3 ; for L-PK, sense, 5 -CTCGTAGCACCAGCATCATTG-3 ; antisense, 5 -GG-ATGTTGGCGATGGATTCTG-3 ; for cyclophilin, sense, 5 -AA-GGTGAAAGAAGGCATGAGCA-3 ; antisense, 5 -AGTTGT-CCACAGTCGGAGATGG-3 . Relative FAS and L-PK mRNA levels were determined by using the Comparative Ct method (User Bulletin no. 2, PE Applied Biosystems). Cyclophilin mRNA was used as the invariant control.
Immunoprecipitation and immunoblot analysis
HEK-293 cells (human embryonic kidney cells) were grown in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum. HEK-293 cells were transfected using FuGENE (Roche Applied Science) with empty pSG5, pSG5/ HNF-4α and FLAG-tagged ChREBP expression constructs as indicated. Nuclear extracts were generated, 42 h after transfection, using the NE-PER (Pierce Chemical) nuclear and cytoplasmic extraction kit as outlined by the manufacturer. Samples (200 µg) of nuclear proteins from each sample were pre-cleared with Protein G for 2 h, incubated overnight with HNF-4α (Santa Cruz Biotechnology; sc-6556) antibodies at 4
• C, and then incubated with Protein G for an additional 2 h. The samples were centrifuged for 1 min at 4000 g at 4
• C and the supernatants were removed and retained. The remaining pellets were washed four times with cold PBS containing 0.1 % Nonidet P40, denatured and loaded on to SDS/10 % polyacrylamide gels along with 5 % input from the corresponding samples. Gels were transferred and probed with anti-FLAG (Sigma; FLAG-M2) antibody. The detected bands were visualized by the standard ECL ® procedure, and band intensity was analysed using the Versadoc system (Bio-Rad).
For co-immunoprecipitation of endogenous HNF-4α and ChREBP, nuclear protein extracts were prepared from livers of fed rats by the method described previously [16] . Samples (350 µg) of nuclear protein were pre-cleared with Protein G for 2 h, and then incubated overnight with either HNF-4α (Santa Cruz Biotechnology; sc-6556), ChREBP (Novus Biologicals, NB 400-135), or preimmune IgG (Santa Cruz Biotechnology) overnight. The remaining pellets were washed four times with cold PBS containing 0.1 % Nonidet P40, denatured and loaded on to SDS/10 % polyacrylamide gels along with 50 µg of nuclear protein as input (13.5 %). Gels were transferred and probed with antibodies directed against HNF-4α (Santa Cruz Biotechnology; sc-6556 and sc-8987) and ChREBP (Novus Biologicals; NB 400-135).
RESULTS
The distal glucose enhancer region of the FAS gene contains an imperfect DR-1
Previous analysis upstream of the insulin-responsive FAS proximal promoter identified a region from − 7300 to − 6900 that confers carbohydrate responsiveness [14, 16] . Further inspection of this distal region through in vivo footprint, gel shift and sequence analysis uncovered a ChoRE element between − 7240 and − 7120 [16] . In the present study, an additional in vivo footprint downstream of the ChoRE, between − 7150 and − 7050 was performed, and revealed that refeeding fasted rats a high glucose diet protected several regions from DNase I cleavage ( Figure 1A ). Sequence analysis established that the protected region from − 7105 to − 7094 ( Figure 1A , site 3) contains an imperfect DR-1 element with significant homology to the DR-1 element in the carbohydrate-responsive region of the L-PK promoter ( Figure 1B) [33, 34] . This finding supports the concept that refeeding carbohydrate initiates binding of nuclear receptor transcription factor(s) to this newly discovered DR-1 element in the FAS distal enhancer.
HNF-4α from rat liver extract binds the DR-1 element in the FAS enhancer in vitro
To identify factors that bind the potential DR-1 element in the carbohydrate-responsive region of the FAS distal promoter, EMSAs were used to probe nuclear extracts from fasted and refed rats. An oligonucleotide probe containing the putative DR-1 element and 20 bp of downstream sequence (− 7110/− 7074) (Figure 2A ) produced four complexes with rat liver nuclear extracts ( Figure 2B ), supporting an interaction of this region with multiple proteins. In addition, binding of the four bands to the DR-1 probe was significantly increased in nuclear extracts from refed versus fasted rats ( Figure 2B) . Together, the observations support the hypothesis that the transition between fasting and refeeding regulates binding of nuclear proteins to the 37 bp sequence spanning the putative DR-1. To identify which of the four bands correspond to the protein(s) binding the putative DR-1 element and to test whether other known DR-1 elements could compete for binding to the identified band(s), oligonucleotides containing the DR-1 element of AOX (AOX DR-1) [35] and a mutated FAS DR-1 element (− 7110/− 7074 mut DR1) (Figure 2A) were used as competitors. Incubation with 100-fold excess of unlabelled AOX DR-1 oligonucleotide resulted in a significant reduction in the ability of protein bands 3 and 4 to bind probe − 7110/− 7074 ( Figure 2C, lane 2) . In contrast, an oligonucleotide with the DR-1 mutated (− 7110/− 7074 mut DR1) was unable to decrease the intensity of bands 3 and 4 (Figure 2C, lane 3) , demonstrating that the proteins in these complexes are unable to interact with a mutated DR-1. To further establish that the factors responsible for bands 3 and 4 bind the DR-1 element, probe − 7110/− 7074 mut DR1 was labelled and incubated with protein extracts from the hepatic nuclei of fasted rats. Binding of protein bands 1 and 2 to the mutated probe were unaffected by the DR-1 site mutation, but the binding of bands 3 and 4 was almost completely eliminated ( Figure 2C , lane 4). Collectively, these findings make a compelling case that protein bands 3 and 4 bind to a newly identified DR-1 element in the glucose-responsive region of the FAS promoter in a manner regulated by nutritional state.
Based on previous reports that glucose-induced activation of the L-PK promoter involves HNF-4α binding to a DR-1 element in the promoter [33, 36] , we tested the hypothesis that one of the two proteins represented by bands 3 and 4 was HNF-4α. Incubation of liver nuclear extract from refed rats with probe − 7110/− 7074 and HNF-4α antibody produced a super-shifted band and decreased abundance of band 3 ( Figure 2D, lane 2 ). An identical result was obtained when a shorter oligonucleotide (− 7110/− 7089) was used as a probe with nuclear extract from refed rats ( Figure 2D, lane 4 ). These findings demonstrate that HNF-4α binds the DR-1 element of the FAS distal enhancer and is the transcription factor responsible for the formation of band 3 when either oligonucleotide sequences − 7110/− 7074 or − 7110/− 7089 are used as probes. At present, the protein responsible for formation of band 4 has not been identified.
Refeeding glucose to fasted rats increases HNF-4α binding to the DR-1 element
ChIP assays were employed to test the hypothesis that fasting and refeeding regulate binding of HNF-4α to the identified FAS DR-1 element in vivo. Following immunoprecipitation of cross-linked chromatin from replicate samples from each treatment with an HNF-4α-specific antibody, a region of genomic DNA spanning the DR-1 element of the FAS promoter (− 7314 to − 6980) was amplified by PCR. No amplification was observed when HNF-4α antibody was omitted from the immunoprecipitation reaction ( Figure 3A) . However, inclusion of HNF-4α antibody immunoprecipitated 2.8-fold more chromatin containing the DR-1 site in samples from rats refed glucose after fasting (Figures 3A and 3C) . Stated another way, the amount of HNF-4α bound to the FAS DR-1 site was low during fasting, but was increased approx. 3-fold upon refeeding.
The L-PK gene is similar to FAS in the sense that it has a DR-1 site adjacent to a ChoRE in its promoter [36, 37] . L-PK gene transcription is also induced by carbohydrate refeeding after a fast [38] . To determine whether HNF-4α binding to its promoter is also increased upon refeeding, chromatin immunoprecipitated by the HNF-4α antibody was amplified using primers spanning the DR-1 site of L-PK (− 216 to − 90 bp). Figure 3(B) shows that HNF-4α binding to the L-PK DR-1 site was also increased (2.4-fold, Figure 3C ) in hepatic nuclei of rats refed glucose after a fast. This finding is consistent with previous EMSA data showing increased HNF-4α binding to an oligonucleotide probe spanning this DR-1 in hepatic nuclei from refed rats [39] . Together, these findings support a common mechanism which utilizes differential HNF-4α binding to DR-1 elements to facilitate nutritional regulation of promoters of carbohydrate-responsive genes.
To determine whether increased HNF-4α binding to the FAS and L-PK DR-1s is indicative of a general increase in HNF-4α binding to promoters in livers of refed rats, HNF-4α binding to the PEPCK promoter was also evaluated. Chromatin immunoprecipitated by the HNF-4α antibody was amplified using primers spanning the DR-1 site of the PEPCK promoter. Figure 3(B) shows that HNF-4α binding to this site was unaffected in samples from fasted versus refed rats, demonstrating that HNF-4α binding to the PEPCK promoter is not sensitive to changes in nutritional state.
To rule out changes in HNF-4α expression as a basis for fed state-dependent binding to the FAS promoter, Western blots were used to compare hepatic HNF-4α expression in samples from fasted versus refed rats. Figure 3(D) shows that HNF-4α expression did not differ between the groups, supporting the argument that increased HNF-4α binding to the FAS DR-1 element in liver of refed rats is the result of increased DNA binding activity rather than expression.
Interaction of HNF-4α with the DR-1 element in the FAS distal promoter is required for full responsiveness to carbohydrate
Our findings led us to propose that increased HNF-4α binding to the DR-1 element plays a significant role in enhancement of FAS transcription following refeeding of glucose. To isolate the contribution of HNF-4α to FAS transcriptional activation, promoter constructs containing the proximal insulin-responsive region alone or in tandem with the distal carbohydrateresponsive region were fused to a luciferase reporter ( Figure 4A ). Co-transfection of HNF-4α with the reporter constructs in COS-1 cells showed that HNF-4α produced a 3.4-fold activation of the promoter construct with both proximal and distal elements (− 7382FAS.LUC) ( Figure 4B ). HNF-4α was far less effective in activating the FAS promoter containing only the proximal promoter region (− 250FAS.PGL2) (1.7-fold) ( Figure 4B ). Thus the use of COS-1 cells, which lack endogenous HNF-4α [39] , provided a low background and sensitive readout of HNF-4α effects on FAS promoter activation. Since the − 250FAS.PGL2 construct does not contain a known binding site for HNF-4α, we addressed the basis for its 1.7-fold activation by HNF-4α in a parallel experiment with the minimal promoter region of L-PK (PK-96LUC). Co-transfection of HNF-4α with the L-PK minimal promoter produced a similar 1.4-fold activation of promoter activity ( Figure 4C ). The modest comparable activation of the − 250FAS.PGL2 and PK-96LUC constructs suggests that HNF-4α may be acting through additional transcription factors that bind and transactivate the minimal insulin-responsive promoter regions of FAS and L-PK.
To establish that the identified DR-1 element was responsible for observed effects of HNF-4α on FAS promoter activation, we mutated the DR-1 element in the FAS reporter containing both the distal and proximal regions (− 7382FAS.LUC mut DR1). Mutation of this site reduced promoter activation by HNF-4α from 3.4-fold to 2.4-fold ( Figure 4B ). For direct comparison, a reporter containing the distal region of FAS and the proximal region of L-PK (− 7382/− 6970FAS.PK) produced a 4.9-fold activation by HNF-4α that was similarly reduced to 3.0-fold when the DR-1 was mutated (− 7382/− 6970FAS.PK mut DR1) ( Figure 4C ). Notwithstanding some residual HNF-4α-sensitive activation independent of the distal DR-1 ( Figures 4B and 4C) , these findings establish collectively that HNF-4α binding to this DR-1 plays an important role in regulating FAS promoter activity. In particular, HNF-4α binding to this site is essential for optimal activation of the FAS promoter during the transition from fasted to fed states.
Using primary rat hepatocytes, we previously showed that reporter constructs containing both the distal carbohydrate-responsive region and the proximal insulin elements of the FAS promoter express approx. 2-fold more luciferase when the medium contained 27.5 mM glucose than when it contained only 5.5 mM glucose [16] . To assess the role of the FAS DR-1 in this response, primary cultures of rat hepatocytes were transfected with the promoter/reporter constructs described above. As predicted, the reporter containing only the insulin-responsive region (− 250FAS.PGL2) was minimally responsive to changes in media glucose (1.1-fold), while the construct that included the distal carbohydrate-responsive region (− 7382FAS.LUC) yielded a robust (1.8-fold) increase in promoter activity ( Figure 4D ). Interestingly, the reporter containing the mutated DR-1 element showed a blunted response to the increase in glucose concentration (1.3-fold). These results show that binding of HNF-4α to the FAS distal promoter is required for full transcriptional activation by increased media glucose, suggesting a functional interaction between ChREBP and HNF-4α during glucose-mediated activation of the distal FAS promoter.
Inhibition of HNF-4α gene expression reduces FAS gene induction by glucose in primary hepatocytes
To determine the direct implication of HNF-4α in glucose action on endogenous FAS gene expression, we next performed a series of experiments using siRNA to deplete HNF-4α gene expression in primary cultures of rat hepatocytes. Primary hepatocytes were transfected with 100 pmol of either scrambled siRNA or one of two separate HNF-4α siRNAs (HNF-4α no. 1 and 2) and cultured for 48 h at low (5 mM) glucose concentration. Following the 48 h incubation, a sample of HNF-4α and scrambled siRNA transfected hepatocytes were harvested for immunoblot analysis of HNF-4α protein levels ( Figure 5A ). We observed an approx. 3-fold reduction in HNF-4α protein levels in the hepatocytes transfected with either HNF-4α siRNA. After the knockdown in HNF-4α protein, the hepatocytes were incubated for 24 h in the presence of 5 or 25 mM glucose with or without insulin. In the scrambled siRNA transfected hepatocytes, low glucose and insulin (1.5-fold) as well as high glucose alone (2.0-fold) had a stimulatory effect on FAS gene expression. When these hepatocytes were incubated with both high glucose concentration (25 mM) and insulin, FAS gene expression was stimulated by 8.8-fold ( Figure 5B ). This induction in FAS mRNA was similar to that observed in untransfected primary hepatocytes (results not shown). In contrast, FAS gene induction by high glucose and insulin concentration was reduced by 25-35 % when hepatocytes were transfected with the HNF-4α siRNAs ( Figure 5B ). These results show that HNF-4α is required for optimal induction of FAS gene expression by increased media glucose and insulin. Interestingly, knockdown of HNF-4α protein had little effect on the stimulation of FAS gene expression with low glucose and insulin and high glucose alone ( Figure 5B ). These results suggest that HNF-4α may play a role in the co-ordination of signalling inputs from both insulin and high glucose in order to maximize the transcription of FAS. We next measured the expression of L-PK, a similarly insulin-and glucose-regulated gene. In scrambled siRNA transfected hepatocytes, the induction of L-PK was greatly induced (15.1-fold) by incubation in medium containing insulin and 25 mM glucose ( Figure 5C ). Similar to the decrease in expression observed in FAS, induction of L-PK by high glucose and insulin concentration was reduced by 35-40 % when hepatocytes were transfected with the HNF-4α siRNAs ( Figure 5C ). Together, these findings support a common mechanism that utilizes HNF-4α to facilitate nutritional regulation of promoters of carbohydrate responsive genes.
Physical interaction of HNF-4α with ChREBP
To explore the mechanism underlying the functional interaction of HNF-4α and ChREBP with respect to regulation of the FAS distal promoter, we tested the hypothesis that the two proteins physically interact to form a protein complex. In HEK-293 cells transiently expressing HNF-4α and FLAG-tagged ChREBP, protein-protein interactions between ChREBP and HNF-4α were assessed by immunoprecipitation in conjunction with Western blotting to determine whether the two proteins were co-immunoprecipitated.
Initial control experiments with HEK-293 cells transiently expressing a different FLAG-fusion protein and HNF-4α were performed in order to eliminate the outside possibility that the FLAG domain interacts with HNF-4α (results not shown). Figure 6 (A) show that both proteins were expressed and that coexpression of both proteins did not alter the relative expression of either protein.
In nuclear extracts immunoprecipitated with HNF-4α antibody and probed with FLAG antibody by Western blotting, FLAG-ChREBP was only detected in immunoprecipitates from cells co-transfected with HNF-4α ( Figure 6A, lane 4) . To gain further evidence that the two proteins physically interact, we next determined whether endogenous HNF-4α and ChREBP could be co-immunoprecipitated. Using nuclear protein isolated from fasted rats refed a fat-free diet (350 µg), we performed immunoprecipitations with antibodies specific for HNF-4α and ChREBP as well as preimmune serum as a negative control. We found that ChREBP co-immunoprecipitated with anti-HNF-4α antiserum but only minimally with preimmune serum ( Figure 6B , top panel). Regarding the input for this experiment (13.5 %), we found that ChREBP is difficult to detect when only 50 µg of nuclear protein is loaded per lane. Therefore, a longer exposure is included in the Figure. When the inverse of the experiment displayed in Figure 6 (B) was performed, we detected HNF-4α in ChREBP immunoprecipitates ( Figure 6C , top panel). As far as we know, this is the first demonstration of a physical interaction between these two transcription factors. Collectively, these results demonstrate a physical interaction of HNF-4α and ChREBP, which may be related to the functional interaction of these two proteins in their regulation of the FAS distal promoter.
DISCUSSION
The co-ordinated regulation of FAS expression in response to changes in nutrient availability involves integration of transcriptional inputs from proximal and distal elements of its promoter. The existence of additional factors in the distal FAS promoter was explored using in vivo footprint analysis, and this approach identified a preferentially protected region in hepatic nuclei from carbohydrate-refed rats with sequence homology to a DR-1 element. EMSAs were used to test for complex formation, dependency of this putative DR-1 for binding, and identify proteins binding at this site. An oligonucleotide spanning the putative DR-1 element produced four complexes with rat liver nuclear extracts, two of which were absent when the DR-1 site was mutated. An oligonucleotide containing the known DR-1 site from AOX reduced interaction of the FAS DR-1 with the later two proteins. Supershift analysis identified HNF-4α as one of the two proteins whose binding to this element was regulated by nutritional state and required an intact DR-1. The identity of the other protein (band 4) bound to the FAS DR-1 is unknown, but its behaviour in EMSAs is consistent with that of a nuclear receptor. Although ChREBP binding to the distal FAS promoter would increase under these conditions [21] , the absence of the ChoRE in the EMSA probe makes it unlikely that band 4 is ChREBP. Our finding that carbohydrate increased HNF-4α binding to this imperfect DR-1 in the distal FAS promoter was complemented by our observation that HNF-4α activated a reporter construct containing the distal FAS promoter in a DR-1-dependent manner. Glucose regulated the same reporter constructs in isolated hepatocytes in a DR-1-dependent manner, supporting the idea that carbohydrate regulates FAS in part through modulation of HNF-4α binding to the FAS promoter. This finding extends our previous work showing that partial glucose responsiveness was retained in FAS promoter constructs in which the ChoRE had been mutated [16] . Together, the results demonstrate a functional interaction between HNF-4α and ChREBP in regulating the distal FAS promoter. We also found that the two factors physically interact to form a complex that can be detected by co-immunoprecipitation. This finding raises the interesting possibility that formation of this complex underlies the functional interaction that is required for full glucose-responsiveness of the FAS distal promoter. Although the underlying mechanism of their complimentary effects on promoter activation is unclear, previous [21] and present data demonstrate that glucose refeeding of fasted rats increases binding of both HNF-4α and ChREBP to the FAS and L-PK promoters. The specific increase in HNF-4α binding to the promoters of these and perhaps other carbohydrate-sensitive genes is consistent with the hypothesis that physical interaction of HNF-4α and ChREBP facilitates, directs, or stabilizes their binding to the distal FAS promoter. This protein-protein interaction could be a way of regulating the delivery of HNF-4α to promoters of specific subsets of genes. It will be important to pursue this possibility in future studies, and examine how changes in nutritional state regulate this complex.
Using both EMSA and ChIP approaches, we show that HNF-4α binding to an imperfect DR-1 in the FAS distal promoter is increased by refeeding glucose after a fast. An important unanswered question is how the transition from fasted to fed state increases HNF-4α binding to this promoter element in the absence of changes in its expression. HNF-4α also plays a key role in regulating gluconeogenic genes during fasting, so it is not surprising that its expression would be stable and changes in HNF-4α binding to target gene promoters would be targeted through post-translational mechanisms linked to changes in nutritional state. AMPK (AMP-activated protein kinase) and PKA (protein kinase A) are likely candidates in that hepatic AMPK is rapidly activated by fasting and decreased by glucose refeeding [40, 41] . PKA activity is similarly modulated through the reciprocal effects of glucagon (fasting) and insulin (refeeding) on hepatic cAMP levels. More importantly, both kinases phosphorylate HNF-4α [39, 42] and modulate the transcriptional activity of the FAS promoter [2, [43] [44] [45] .
Post-translational mechanisms are clearly important in regulating DNA binding activity of HNF-4α and ChREBP, but the binding of HNF-4α to the promoters of many genes is unresponsive to signals linked to nutritional state [46, 47] . For instance, we show that HNF-4α binding to the PEPCK promoter is unaffected in samples where significant increases in HNF-4α binding to the FAS distal promoter were found. Thus a significant unresolved issue is how nutrient-sensing mechanisms target transcription factors to specific subsets of genes to produce adaptive transcriptional responses. In addition to FAS, we found increased binding of HNF-4α to the DR-1 in L-PK in liver samples from rats refed glucose after a fast. A common structural feature of carbohydrate-responsive regions of each promoter is a DR-1 site adjacent to a ChoRE. This raises the interesting possibility that promoters of these two, and perhaps other genes with similar configurations are sensitive to a protein complex containing both HNF-4α and ChREBP.
To determine the direct implication of HNF-4α in glucose action on endogenous FAS gene expression, we depleted HNF-4α protein levels in primary cultures of rat hepatocytes using siRNA and assessed the impact on induction of endogenous FAS mRNA by glucose. As predicted, knockdown of HNF-4α compromised the ability of high glucose and insulin to increase FAS mRNA ( Figure 5 ). This finding illustrates that HNF-4α is required for optimal induction of FAS gene expression by increased media glucose and insulin. Interestingly, knockdown of HNF-4α protein had little effect on the stimulation of FAS gene expression with low glucose and insulin and high glucose alone. These results suggest that HNF-4α may play a role in the coordination of signalling inputs from both insulin and glucose in order to maximize the transcription of FAS. A recent report showing that HNF-4α and SREBP-1c physically interact [48] and our results showing an interaction between HNF-4α and ChREBP hint at the interesting possibility that HNF-4α may serve as a molecular scaffold to assemble the transcriptional machinery activated by glucose and insulin. If this were the case, the insulinand carbohydrate-response elements of the FAS promoter could be brought together in a single complex through the interaction of ChREBP and SREBP-1c with HNF-4α.
In summary, we have identified a DR-1 element in the FAS distal promoter and shown for the first time that (i) HNF-4α binding to this site regulates transcriptional activity of the FAS promoter, (ii) HNF-4α binding to this site is regulated in vivo by glucose refeeding after a fast, and (iii) HNF-4α and ChREBP physically interact to form a complex that may be important in targeting HNF-4α to glucose-responsive genes. Collectively, these findings extend our understanding of hepatic nutrient-sensing systems and make a compelling case that HNF-4α plays an important, previously unappreciated role in mediating glucose-dependent effects on the FAS promoter.
